Infections with antibiotic-resistant bacteria (ARB) in hospitalized patients are becoming increasingly frequent despite extensive infectioncontrol efforts. Infections with ARB are most common in the intensive care units of tertiary-care hospitals, but the underlying cause of the increases may be a steady increase in the number of asymptomatic carriers entering hospitals. Carriers may shed ARB for years but remain undetected, transmitting ARB to others as they move among hospitals, long-term care facilities, and the community. We apply structured population models to explore the dynamics of ARB, addressing the following questions: (i) What is the relationship between the proportion of carriers admitted to a hospital, transmission, and the risk of infection with ARB? (ii) How do frequently hospitalized patients contribute to epidemics of ARB? (iii) How do transmission in the community, long-term care facilities, and hospitals interact to determine the proportion of the population that is carrying ARB? We offer an explanation for why ARB epidemics have fast and slow phases and why resistance may continue to increase despite infection-control efforts. To successfully manage ARB at tertiary-care hospitals, regional coordination of infection control may be necessary, including tracking asymptomatic carriers through health-care systems. N osocomial infections with antibiotic-resistant bacteria (ARB) occur with alarming frequency (1), and new multidrugresistant bacteria continue to emerge, including vancomycinresistant enterococci (VRE), methicillin-resistant Staphylococcus aureus (MRSA), two recent but isolated cases of vancomycinresistant S. aureus (2, 3), and multiple-drug resistance in Gramnegative bacteria. In response, hospitals have used a variety of infection-control measures, some of which are costly and difficult to implement (4). Despite efforts to reduce transmission of ARB within hospitals, the incidence of VRE, MRSA, and other antibiotic-resistant infections continues to increase (1).
N
osocomial infections with antibiotic-resistant bacteria (ARB) occur with alarming frequency (1) , and new multidrugresistant bacteria continue to emerge, including vancomycinresistant enterococci (VRE), methicillin-resistant Staphylococcus aureus (MRSA), two recent but isolated cases of vancomycinresistant S. aureus (2, 3) , and multiple-drug resistance in Gramnegative bacteria. In response, hospitals have used a variety of infection-control measures, some of which are costly and difficult to implement (4) . Despite efforts to reduce transmission of ARB within hospitals, the incidence of VRE, MRSA, and other antibiotic-resistant infections continues to increase (1) .
An important distinction in the epidemiology of ARB is made between infection and colonization. Infection is characterized by serious illness when ARB contaminate wounds, the bloodstream, or other tissues. In contrast, colonization with ARB may occur in the gut, nasal cavities, or other body surfaces. Colonizing bacteria may persist for years without causing disease or harming their hosts (5, 6); we call such individuals carriers. These carriers increase colonization pressure; the number of patients who are shedding increases the risk that another patient becomes a carrier for ARB or acquires a resistant infection (7) . Hospitals that reduce the incidence of resistance (the number of new cases) may see no reduction in overall prevalence (the fraction of patients with ARB), because these hospitals admit an increasing number of ARB carriers (8, 9) . Patients infected with ARB generally remain hospitalized until the symptoms are cured, but they may continue to carry and shed ARB for months or years.
We show that the prevalence of ARB in hospitals approaches equilibrium rapidly because of the rapid turnover of patients; the average length of stay (LOS) is Ϸ5 days (10, 11) . Moreover, prevalence changes rapidly in response to changes in hospital infection control (11) (12) (13) (14) (15) (16) (17) , so slow and steady increases in resistance must be due to something else, such as increases in the proportion of carriers admitted from the catchment population of a hospital, defined as the population from which patients are drawn, including long-term care facilities (LTCFs), other hospitals, and the community (5, 18) . The health-care institutions that serve a common catchment population vary substantially in their relative size, transmission rates, and average LOS. How do increases in the number of ARB carriers in the catchment population contribute to increases in infections by ARB in the hospital, and what can be done about it?
Mathematical models play an important role in understanding the spread of ARB (19) . We have built on existing theory for the transmission dynamics of ARB developed for simple, well-mixed populations (12, 20) , but we are focused on phenomena that occur at a large spatial scale, ignoring competition between sensitive and resistant bacteria and the biological cost of resistance (21) and the relationship between antibiotic use and the prevalence of ARB (11, 22, 23) . We have developed mathematical models with multiple institutions connected by patient movement; such models are called ''structured'' populations or ''metapopulations.'' Thus, we are developing epidemiological models (20, 21, 24) focused specifically on the consequences of persistent colonization and population structure, applying existing theory for structured populations (20, (24) (25) (26) (27) .
Structured Population Models
We have adapted simple mathematical models that have been used to model the population dynamics of ARB. Our focus is on the dynamic consequences of persistent colonization and the movement of patients to and from the community and among health-care institutions. We assume the entire catchment population is subdivided into subpopulations (e.g., hospitals) that play a role in the transmission of ARB. The population may also be heterogeneous with respect to epidemiologically relevant parameters, especially the likelihood of hospitalization. We either consider homogeneous populations or subdivide the population into distinct groups, such as the elderly and nonelderly. We assume that the subpopulations are well mixed with respect to the transmission of ARB. We restrict our focus to increased prevalence of colonization with ARB and tacitly assume that infection represents some fraction of total transmission within hospitals.
Many factors may account for the differences in transmission rates among subpopulations, including antibiotic use, infection control, the ratio of nurses to patients, and the size of the hospital. We are focused on understanding the consequences of different transmission rates and lengths of stay (LOS), regardless of the mechanism that accounts for higher transmission. Thus, we assume that transmission differs among subpopulations without explicitly describing why. The transmission rate in the jth subpopulation is denoted ␤ j .
The average LOS, 1͞ g,j , may differ among groups, g, and subpopulations, j. In contrast, we assume that persistence times for ARB are identically distributed for all subpopulations and groups; the average persistence time is denoted 1͞. We let m g,j ϭ g,j ͞( ϩ g,j ) denote the probability that a carrier of a given group, g, will leave the jth subpopulation before ''clearing'' the ARB they are carrying. On discharge, each individual is replaced; the proportion of individuals of group g admitted to subpopulation j that come from subpopulation k is ␣ g,j,k .
Let x g,j be the fraction of subpopulation j of group g that is colonized. Similarly, let X j denote the proportion of all individuals in the jth subpopulation that are colonized. The changes in the fraction colonized is given by the system of equations:
where k is summed across locations for each group, and the dot denotes a derivative with respect to time. We assume that each subpopulation has a constant size, and the proportion of each group is also constant (see Appendix). A diagram of the model is provided in Fig. 1 .
Threshold Criteria. A basis for threshold criteria in structured populations is given by the basic reproductive number, R 0 , defined as the number of new carriers generated by a typical carrier when resistance is otherwise absent. If each carrier generates more than one new carrier at low prevalence, R 0 Ͼ 1, ARB spreads until an equilibrium is reached. In structured populations, carriers move among subpopulations, generating new cases for as long as an individual remains colonized. Because transmission rates and the LOS vary among subpopulations and groups, R 0 is an average of the transmission rates in each location and the flow of carriers among institutions.
We define the ''single-stay reproductive number'' for each group in each subpopulation as S g,j ϭ ␤ j ͞( ϩ g,j ), the expected number of new cases generated by a carrier of a particular group g in subpopulation j during a single visit when resistance is rare. R 0 in a structured population involves averaging of the number of cases per case in the next ''generation,'' for all groups and subpopulations, an expression involving S g,j , m g,j , and the rates of movement among institutions (26) .
Subpopulations may act as sources or sinks for ARB when the entire catchment population is considered, depending on whether they discharge more or fewer colonized patients than they admit. To identify sources and sinks, we define the ''closedpopulation reproductive number,'' C j ϭ ␤ j ͞, as the reproductive number in subpopulation j when prevalence is low, if migration is ignored; i.e., we assume everybody stays in whatever population they start in. Because transmission rates do not vary by group, C j is a property of the subpopulation. When resistance is rare, a location is a source if C j Ͼ 1 and a sink otherwise.
ARB can persist in a catchment population if any subpopulation is a self-sustaining source; i.e., the single-stay reproductive number is Ͼ1, S j Ͼ 1. If the LOS differs among groups, S j for a subpopulation involves averaging (see Appendix). Self-sustaining sources with rapid turnover may also play the role of superspreaders (20, 24) .
ARB may persist in a catchment population without a selfsustaining source, but with at least one dependent source, defined as a source with single-visit reproductive number Ͻ1. If all subpopulations are sinks, ARB cannot persist; whereas if all subpopulations are dependent sources, ARB will persist. If R 0 Ͼ 1, prevalence will increase everywhere to a level where some subpopulations are converted from sources to sinks. If some subpopulations are sources and others are sinks, ARB may or may not persist, depending on the relative strength of these sources and sinks. Thus, locations that are sources (C j Ͼ 1) should be focal points for control efforts, whether or not they are self-sustaining sources (S j Ͼ 1).
Two-Population
Model. An important example is the homogeneous two-subpopulation model; a single subscript is used to denote location (see Eq. 4). All individuals who leave one subpopulation simply move to the other; one may think of the two as a hospital and community. In this model, R 0 is found by computing the dominant eigenvalue of a 2 ϫ 2 ''next-generation matrix'' (26):
where S j ϭ ␤ j ͞(ϩ j ), m j ϭ j ͞(ϩ j ). The basic reproductive number, R 0 , is the dominant eigenvalue of this matrix.
If S j Ͼ 1 in either subpopulation, a single case will more than reproduce itself (at low prevalence) before migrating to another subpopulation. In this case, the subpopulation has a self-sustaining epidemic, and ARB will persist in both subpopulations.
An epidemic may occur, even if neither subpopulation is a self-sustaining source: i.e., R 0 Ͼ 1 but S j Ͻ 1 for both locations. Standard methods (28) can be used to express a threshold for invasion in a simpler way; persistence occurs if
). Thus, it is possible for the disease to be sustained by a combination of local transmission and migration. It is clear, however, that the disease can never spread if C j Ͻ 1 for both subpopulations.
Equilibrium Prevalence. An important measure of risk is the equilibrium prevalence, the local, long-term average prevalence of ARB. Equilibrium prevalence in a subpopulation may be a complicated function. We illustrate some general principles in a homogeneous subpopulation model within a focal institution.
Let denote the proportion of hosts that is colonized on admission and m ϭ ͞( ϩ ) the proportion that is discharged Fig. 1 . A diagram of the general model. Individuals move among subpopulations, such as hospitals, LTCFs, and the community. The subpopulation is assumed to be well mixed with respect to the transmission of ARB. The population is also classified by group, based on some epidemiologically important difference. The size of the population at each location, N j, and the proportion of each group, q g,j, are constant by assumption. The admission rate is equal to the discharge rate, g,jqg, jNj. The portion of discharged individuals from subpopulation j that move to k is g,j,k. The portion of admitted individuals to subpopulation j that are from k is ␣g, j,k.
before ARB are cleared. The equilibrium prevalence in a subpopulation with immigration of colonized individuals is
As long as Ͼ 0, it follows that x Ͼ 0 and ARB are present in the subpopulation. Interestingly, the equilibrium depends only on two terms, the single-stay reproductive number S and the equilibrium proportion that would be maintained by immigration, clearance, and discharge in the absence of transmission in the subpopulation, m. Fig. 2 shows the relationship between the single-stay reproductive number S and the proportion of individuals infected at equilibrium for a particular value of m. Mathematically, we can distinguish three different regions on this graph. In the nonepidemic region (S Ͻ Ͻ 1), the equilibrium prevalence is not limited by the number of susceptibles (i.e., noncarriers) in the subpopulation, but is determined mostly by the infectious potential of the immigrant cases; x Ϸ m͞(1 Ϫ S). In the epidemic region (S Ͼ Ͼ 1), the disease will spread regardless of the immigration parameter, and equilibrium prevalence will be controlled by the depletion of noncarriers below the level needed for the equilibrium to continue spreading; x Ϸ 1 Ϫ (1 Ϫ m)͞S. Finally, there is an intermediate, quasiepidemic region (S Ϸ 1), where immigration is important but the disease is magnified sufficiently that the depletion of susceptibles is also important; S ϭ 1 x ϭ ͌ m.
Fast and Slow Dynamics
In addition to threshold criteria and equilibrium prevalence, structured population models also describe the rate that prevalence changes in subpopulations when the LOS and transmission rates differ. To obtain parameter estimates for the relative size and average LOS in each subpopulation and group, we used U.S. health statistics. The distribution of persistence times for ARB has not been well characterized, even for clinically important species, such as VRE and MRSA. We used estimates for persistence that were consistent with available data. We have used a range of estimates for the single-stay reproductive numbers to illustrate the range of behavior possible from structured population models. Mathematical details for the examples are provided in Appendix.
Nosocomial and Community Transmission. The average LOS in a U.S. hospital is Ϸ5 days, and there are Ϸ1.6 occupied beds per 1,000 people (10). Put another way, the average LOS in the community is Ϸ620 times longer than in a hospital, Ϸ8.5 years.
The number of occupied hospital beds, the community size, and the single-stay reproductive numbers determine turnover and the rate of increase in prevalence. Fig. 3a shows a simulated epidemic for which neither the hospital nor the community is a self-sustaining source. The dynamics in the hospital and community are slow, reflecting the slow accumulation of carriers in both locations. The approach to equilibrium takes approximately three decades.
In contrast, when a hospital is a self-sustaining source, the fast turnover of hospitals implies that the dynamics will be much faster than the surrounding community. After an initial epidemic in the hospital, the slower approach to equilibrium reflects the readmission of carriers from the community who were recently hospitalized. The initial fast epidemic in the hospital provides Fig. 2 . Colonization on admission interacts with local transmission dynamics to determine the equilibrium prevalence. We plotted the equilibrium prevalence of ARB (from Eq. 3) as a function of the single-stay reproductive number S when the proportion colonized without local transmission is m ϭ 0,0.04 (solid trace). We used three approximations to subdivide institutions into those that sustain internal epidemics (S Ͼ Ͼ 1; dashed trace), for which prevalence is determined by patient-to-patient transmission; nonepidemics (S Ͻ Ͻ 1; dotted trace), for which prevalence is determined by immigration of carriers; and quasiepidemics (S Ϸ 1; dashed-dotted trace), for which prevalence is strongly influenced by both immigration and transmission. For example, for S ϭ 1, prevalence is ͌ m, either 0% or 20%.
Fig. 3.
Structured population models may have fast and slow phases, depending on whether the hospital, the community, or neither is a selfsustaining source. (a) Carriers may accumulate slowly in the hospital population (solid trace) and community (dashed trace), even if neither one can sustain an internal epidemic. (b) When the hospital has a self-sustaining epidemic, the epidemic of ARB in the catchment population has fast and slow phases. Rapid early increases in prevalence are due to the epidemic in the hospital. Without colonization on admission, prevalence would rapidly reach a lower equilibrium (dashed trace and dashed-dotted trace). Slow increases after the initial epidemic reflect admission of carriers from the community. (c) The community may be a self-sustaining source, but prevalence increases slowly because resistance is initially rare and turnover is very slow. Prevalence remains higher in the hospital because daily transmission rates are higher. The role of community transmission may be underappreciated.
the epidemic with a head start, and prevalence is near the equilibrium in about a decade for this set of parameters (Fig. 3b) .
Despite the focus on hospitals, most people spend very little time there. Community transmission may play a very important role, even if it is very slow. We simulated another epidemic by using a set of parameters for which the community is a selfsustaining source (Fig. 3c) . Because individuals stay longer in the community, it is possible for the community to have a higher single-stay reproductive number than the hospital (S c Ͼ S h ), although the transmission rate and, thus, the closed-population reproductive number will generally be higher in the hospital (C c Ͻ C h ). In this example, it is impossible to eliminate ARB by controlling incidence in the hospital alone. The importance of community transmission may not be appreciated, because prevalence is higher in the hospital and most infections (as opposed to colonization) happen there as well.
Frequently Hospitalized Patients. In the real world, risk is not distributed evenly across populations. We modified the above models to incorporate heterogeneity in hospitalization rates (Fig. 4) . People Ͼ65 years of age account for Ϸ13% of the U.S. population, but nearly half of the total days of care (10) . The average LOS for the elderly in hospitals is slightly longer than for the general population. Combining these statistics, we find that the average period between hospital visits for the elderly is Ϸ2.6 years, whereas the rest of the population is hospitalized about once every 15 years.
The elderly illustrate how heterogeneity in the average LOS in various locations dramatically increases R 0 for the entire population. Frequent hospitalization of the elderly implies that they are more frequently exposed, so they are more likely to be colonized. Moreover, because the average period between hospital visits is shorter, the elderly are more likely to remain colonized when they next visit a hospital. This set of simulations uses the same daily transmission rates as Fig. 3a , but the epidemic reaches a higher equilibrium, and the approach to equilibrium is faster.
LTCFs. LTCF residents are frequently hospitalized and many remain institutionalized after discharge from a hospital. Evidence suggests that prevalence of resistance in LTCFs is similar to the prevalence in surrounding hospitals (29) . Patients in LTCFs receive a similar level and type of care compared with hospital patients, so daily transmission rates, thus C j , in LTCFs is probably lower than but similar to hospitals. The slower turnover of patients in LTCFs thus implies that single-stay reproductive numbers may be much higher in LTCFs. It follows that LTCFs may play a very important role in spreading ARB.
By using parameters for average LOS and admissions from LTCFs, we simulated the spread of ARB in a system consisting of a LTCF, a hospital, and the community (Fig. 5) . Although closed-population reproductive numbers for hospitals (C j ) may be similar to LTCFs, we have assumed the single-visit reproductive numbers, S j , for the nonelderly in hospitals and LTCFs were identical. Thus, in these simulations, the closed population numbers are much lower in LTCFs compared with hospitals. For the hospital, the closed-population reproductive number is the same as Fig. 4 .
Prevalence in LTCFs increases more slowly initially because of slower turnover. Later, prevalence at equilibrium is highest for LTCFs. Two contributing factors are that Ϸ95% of LTCF populations are elderly and 45% of LTCF admissions come from hospitals. Moreover, LTCFs further amplify resistance; compared with Fig. 4 , prevalence is higher in hospitals and the community because of LTCFs. The relative importance of LTCFs versus hospitals as sources for resistance is an important issue in the epidemiology of ARB.
Discussion
When the average frequency of ARB in a population increases over time, resistance must be spreading somewhere faster than it is lost. An important component of the public health response to epidemics of ARB is to identify sources and sinks. Attention has tended to focus on the evolution of resistance in bacteria populations as a response to antibiotic use or nosocomial infections in hospital intensive care units, where the risk of infection is highest. But colonization through human-to-human transmission of ARB may be just as important to the increasing frequency of resistant infections. Each carrier in the unit increases the risk of infection for other patients (9); long-term increases in the risk of infection may reflect the increasing number colonized on admission. Because colonization is generally harmless, the importance of transmission and carriage among healthy people has been largely neglected.
Some information about what kinds of institutions are responsible for transmission may be found in examining the time course of an epidemic. Hospitals, LTCFs, and the community have different average LOS, which are reflected in the dynamics of spread. An epidemic triggered by high transmission in a hospital will generally cause a rapid increase in prevalence within that Fig. 4 . The elderly are frequently hospitalized, so they are more likely to be exposed and expose others. As a result of frequent hospitalization, ARB invade a catchment population more easily and prevalence is higher. One essential difference is that the period between hospital visits is shorter, so the likelihood of colonization on readmission is higher. The elderly population accounts for 12.6% of the population but about half of all days of care in the hospital. A greater portion of the elderly in each subpopulation are carriers (solid gray trace). Here, the daily transmission rates in the hospital and community are similar to those in Fig. 3a . The average prevalence in the hospital (solid black trace) and the community (dashed black trace) increases more rapidly and reaches a higher equilibrium than it would if the population were homogeneous. Fig. 5 . LTCFs (dashed-dotted trace) may be the most important type of institution in health-care networks because LTCF patients are frequently hospitalized and receive a similar level and type of care as hospitalized patients. Single-stay reproductive numbers for the hospital and community are identical to those in Figs. 3a and 4 . In this simulation, the single-stay reproductive numbers in the LTCF and hospital are identical, but the closed-population reproductive rate for the LTCF is much lower than the hospital because of the longer LOS. Compared with earlier simulations, prevalence increases faster and reaches a higher equilibrium in hospitals (solid trace) and the community (dashed trace).
hospital, but this may be followed by slower increases in that hospital, other hospitals and institutions, and the community, as carriers accumulate in the catchment population. Prevalence of ARB may increase throughout the community for years or decades after a fast epidemic in a hospital with a self-sustaining epidemic. If the epidemic is triggered by changes in an LTCF, the initial epidemic will likely be slower and less likely to be accompanied by infection by ARB and, thus, less likely to be noticed. Epidemics triggered in the community will be still slower and less noticeable. Finally, if transmission increases gradually in several subpopulations, an epidemic of ARB may arise that cannot be attributed to any particular venue.
Fast and slow phases, such as we predict if both hospitals and the community are important, are consistent with reported epidemic patterns for ARB. For example, rapid increases in the prevalence of VRE in the late 1980s and early 1990s has been followed by slow and steady increases since then (1) . MRSA, initially a problem in large research and teaching hospitals, spread later into smaller hospitals and the community. Now, MRSA is commonly acquired outside of hospitals. The changing epidemiology of MRSA may predict future changes in the epidemiology of VRE.
A critical assumption is that people who are colonized with ARB may continue to carry the bacteria for months or years. Not all individuals who are colonized with ARB are persistently colonized; common wisdom holds that humans may be persistent, intermittent, or noncarriers of various strains of bacteria (30) . Some qualitative information about persistence times are available for MRSA (31) (32) (33) (34) , VRE (5, (35) (36) (37) , Escherichia coli, (38) , Pseudomonas aeruginosa (39) , Klebsiella pneumoniae (40, 41) , and other enterobacteria (42) . These studies suggest that carriage for months or years is not uncommon. Unfortunately, these studies measured mean or median persistence, not the portion of the population that carry ARB for years. Qualitative descriptions of persistence are no substitute for quantitative understanding of persistence times and the factors that cause persistent colonization.
Heterogeneity in the LOS in hospitals or heterogeneity in the frequency of hospitalization increases R 0 , much like certain other kinds of heterogeneity (43) . Important groups can be identified a priori as those who are frequently hospitalized or who have long hospital visits. For example, the elderly play a critical role in the development of resistance, because they spend more time in high-transmission subpopulations, so they are more likely to be colonized and more likely to expose others. Identifying other groups that play a focal role and targeting control efforts may increase the efficiency of control efforts. Important groups may include long-stay patients, cancer patients, organtransplant patients, burn patients, the mentally ill, and chronic hemodialysis patients (10, (44) (45) (46) (47) (48) . Persistent colonization of hospital workers may also be a key factor contributing to an epidemic; these workers are in close contact with patients and they are in and out of the hospital every day (12, 49) .
Daily transmission rates may be highest in institutions, and the response to intervention may be most efficient there, but the role of community transmission may be more important than it appears (21) . Most people spend most of their time in the community, and the fact that individuals circulate between the hospital and the community makes the community a vital link in the chain of ARB transmission. About 80% of all antibiotics used by humans are outside of hospitals (50) . High carriage rates of VRE in the community were linked to the use of antibiotics in agriculture in some regions of Europe (51, 52) , with long-term consequences for hospital prevalence under quasiepidemic transmission (53, 54) . Thus, any factor that contributes to increased prevalence of resistance in a catchment population must be considered in management plans for ARB.
The accumulation of carriers in a catchment population links all of the institutions that serve it. To protect patients, individual hospitals may isolate recently admitted patients who are likely to be carriers. Control efforts can be coordinated regionally by tracking persistent carriers, with active surveillance focused on important groups, such as health care workers; frequent, recent, and long-term hospital patients; and the elderly and their family members. A regional perspective guided a VRE control program in the Siouxland region of Iowa, Nebraska, and South Dakota that is credited with reversing an epidemic of VRE (55) (56) (57) . The low prevalence of MRSA in the Netherlands is due to an aggressive ''search and destroy'' policy (58) that includes isolating patients who were admitted from hospitals outside of the Netherlands and closing intensive care units when MRSA transmission was suspected. The Dutch policy was expensive, but a recent analysis suggests it was also cost-effective (59) . Similar policies may not be cost-effective for the less virulent VRE (60) .
Hospital infection control is expensive, and the costs are shouldered entirely by hospitals. Hospitals may reduce the prevalence of ARB rapidly through improved hospital infection control to a certain point, but larger, long-term reductions in prevalence may require a reduction in the carriage rate in the catchment population. Such changes may require decades (11, 21) . One reason for the success of the Dutch policy was that all of the hospitals in a region adopted the policy; most of the costs were generated when hospitals admitted carriers who had acquired MRSA elsewhere (59) . The benefits of effective infection control and the costs of poor infection control extend beyond a single hospital. A successful public health response to the antibiotic resistance epidemic must recognize that colonization with ARB is a sort of pollution. Policies to control resistance should be coordinated regionally.
the elderly account for 12.6% of the total population (35.4 million) and 50% of all days of care, we get that N r ϭ N h ϭ 0.22 million, N s ϭ 35.2 million, and N c ϭ 245.4 million.
LTCFs. Models for LTCFs combine interinstitutional transfer and frequent hospitalization. This model extends the one for the elderly, adding one more location and the subscript f for the population in LTCFs. We assume the LTCF is composed entirely of the elderly. The dynamics are described by five equations. The notation and equations describing the nonelderly are taken from the previous model. Three equations now describe the elderly: in hospitals ẋ e,h ϭ ␤ H X H (1 Ϫ x e,h ) Ϫ x e,h Ϫ e,h (x e,h Ϫ ␣ e,h,f x e,f Ϫ ␣ e,h,c x e,c ); in LTCFs ẋ f,h ϭ ␤ f x f (1 Ϫ x e,f ) Ϫ x e,f Ϫ e,f (x e,f Ϫ ␣ e,j,hx e,h Ϫ ␣ e,f,c x e,c ); and in the community ẋ e,c ϭ ␤ C X C (1 Ϫ x e,c ) Ϫ x e,c Ϫ e,c (x e,c Ϫ ␣ e,c,h x e,h Ϫ   ␣ e,c,f x e,f ) . By using statistics for the U.S. population, N r ϭ 0.22 million, N f ϭ 1.5 million, and N s ϭ 33.7 million. The average LOS for hospitals and LTCFs are 1͞ r ϭ 6 days, 1͞ f ϭ 60 days; Ϸ45% of nursing-home patients are admitted from the hospital (␣ e,f,r ϭ 0.45), and are approximately equally likely to be discharged to the community or a hospital ( r,f ϭ 0.5). Solving for other parameters, we get 1͞ s ϭ 0.001, ␣ e,s,r ϭ 0.68, and ␣ e,r,f ϭ 0.33. For the elderly, average waiting time to a hospital visit is Ϸ4 years, and the average waiting time to a nursing home is Ϸ5.2 years.
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